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Introduction: metamaterials with hyperbolic dispersion and high density of photonic states
Metamaterials -engineered composite materials with rationally designed subwavelength inclusions -have unique responses to electromagnetic fields, which are unavailable in conventional media. Their fascinating properties and applications include negative index of refraction [1, 2] , invisibility cloaking [3] [4] [5] , and sub-diffraction imaging and focusing [2, [6] [7] [8] [9] .
The research in hyperbolic metamaterials (also known as indefinite media [10] ), originally stimulated by tantalizing possibilities offered by the absence of diffraction limit in a hyperlens [6] [7] [8] [9] , has uncovered a number of novel effects resulting from a broadband singular behavior of the density of photonic states in these materials [11, 12] .
Known hyperbolic metamaterials include arrays of metallic nanowires grown in dielectric membranes [13] [14] [15] as well as lamellar metal-dielectric or semiconductor structures [16] [17] [18] [19] [20] . These uniaxial materials are highly anisotropic, with the dielectric permittivity components of opposite signs in two perpendicular directions. An isofrequency dispersion curve for extraordinary wave in a uniaxial (meta)material is given by
where k i are the components of the wave-vector (i = x,y,z; the optical axis is in the y direction), ε i are the values of dielectric permittivity, ω is the angular frequency, and c is the speed of light. The nature of the "super-singularity" in hyperbolic metamaterials can be understood from a visual representation of the density of states in terms of the phase space volume enclosed by two surfaces corresponding to different values of the light frequency. In dielectric media, electric permittivities are positive, ε i >0, and the dispersion law describes an ellipsoid in the kspace (sphere if ε x = ε y = ε z ). The phase space volume enclosed between two such surfaces ( Fig. 1(a) , left) is then finite, corresponding to a finite density of photonic states. However, when one of the components of the dielectric permittivity tensor is negative, Eq. (1) describes a hyperboloid in the phase space. As a result, the phase space volume between two such hyperboloids (corresponding to different values of frequency) is nominally infinite (Fig. 1(a) , right), leading to a nominally infinite density of photonic states. While there are many mechanisms leading to a singularity in the density of photonic states, this one is unique -as it results in a very large density of states for every frequency where different components of the dielectric permittivity have opposite signs. (Note that in actual hyperbolic metamaterials, the maximal length of the wave-vector is limited, among other reasons, by characteristic dimensions of the metamaterial's nanostructure. Although this makes the density of photonic states not infinite, it remains to be at least one order of magnitude larger than that in vacuum.) As the scattering rate W k→k' , in the spirit of the Fermi Golden Rule [21] , is proportional to the density of states ρ(ω),
the super-singularity in ρ(ω) is expected to enhance a variety of phenomena, which depend on the density of final photonic states. One of such processes is a spontaneous emission, which enhancement in vicinity of hyperbolic metamaterials has been theoretically predicted (by E. E. Narimanov and co-authors [11] ) and experimentally proven by several research groups [17] [18] [19] [22] [23] [24] [25] .
Experimental observation of reduced reflectance
Hyperbolic metamaterials, which we used in our experiments, were based on arrays of 35 nmthick silver nanowires grown (using an electroplating technique) in 1cm x 1cm x 51μm anodic alumina membranes [15] . Nanowires were oriented perpendicularly to the membrane's surface, and the nominal filling factor of silver was ~12%, Fig. 2(a) . The fabricated uniaxial metamaterial reported here had hyperbolic dispersion (negative dielectric permittivity in the direction perpendicular to the membrane's surface, ε ⊥ , and positive dielectric permittivity in the direction parallel to the membrane, ε || ) in the nearinfrared spectral range. From the measurements of the angular dependence of reflectance in s and p polarizations, Fig. 1(b) , we have deduced the following materials parameters at λ = 873 nm: ε ⊥ ' = −0.15, ε ⊥ " = 1.07, ε ll ' = 4.99, and ε ll " = 0.02. The measurements and the retrieval procedure are discussed in detail in Ref [15] . The roughness of the untreated sample, measured with the atomic force microscope (AFM), was equal to rms = 40 nm, Fig. 1(c) . The lateral correlation length, at which the correlation function ( ) The surface of the sample was then roughened by grinding it with 3 μm Al 2 O 3 polishing powder, resulting in the roughness equal to rms = 600 nm [ Fig. 1(d) ] and the correlation length equal to 1.17 μm, Fig. 2b . The reflectance measurements were repeated in the grinded sample, resulting in much smaller intensities of reflected light, especially at small incidence angles, Fig. 1(b) . Although the reduction of reflectance was observed in both polarizations, it was stronger in p polarization than in s polarization, inset of Fig. 1(b) .
As corrugated samples produced not only specular reflection but also diffused scattering, we have evaluated the ratio of reflected and scattered light intensities by measuring optical signal with a large-aperture detector in the direction of the reflected beam at different distances from the sample, inset of Fig. 2(c) . The dependence of the detected light intensity on the distance l between the sample and the integrating sphere with 1 inch diameter opening is shown in Fig. 2(c) . The diffused scattering, characterized by an increase of the signal at small distances l, has been observed in the roughened sample and was practically absent in the untreated one. By fitting the experimental result to a simple model, it has been shown that the ratio of scattering and specular light intensities is much smaller than the difference between the measured reflectances in the grinded and smooth samples. Thus, according to the most conservative estimate (assuming Lambertian scattering distribution diagram), the ratio of diffusely scattered light intensity to specularly reflected light intensity in the roughened sample did not exceed 3.5. This value is much smaller than the ratio of reflectances in the untreated and the corrugated samples, ~30 at small angles, see Fig. 1(b) and inset of Fig. 1(b) .
Discussion and summary
One should note that high densities of photonic states and their effects on physical processes, such as spontaneous emission, are not unique to hyperbolic metamaterials. Thus, besides the classical example of cavities [26] , the control of emission with high densities of photonic states in vicinity of metallic surfaces is predicted in Ref [27] . The only difference between emission quenching in vicinity of metals and in vicinity of hyperbolic metamaterials is that in the former case molecules emit to predominantly propagating modes (k'>>k"), while in the latter case -to predominantly evanescent modes (k">>k'). (Here k' and k" are real and imaginary components of the wavenumber.)
High density of photonic states near plasmonic metals causes not only enhancement of emission decay rates but also reduction of reflection off roughened metallic surfaces. This effect, known for decades [28] [29] [30] , has the same physical origin: high density of final photonic states increases scattering rate and determines its directionality -with majority of photons scattering inside the metal and only very small fraction scattered (reflected) to the air.
However, scattering of light to lossy modes in metal was not the predominant reason for the strong reduction of reflection observed in our experiment. First of all, the reduced reflectance off roughened silver-filled alumina membrane was accompanied by an enhancement of the sample's transmission, Fig. 2(d) . This effect is consistent with light scattering to propagating modes in a hyperbolic metamaterials and is not expected at scattering to lossy modes in metallic components. Second, no dramatic reduction of reflectance was observed in an almost similar (control) membrane sample, which had a little bit smaller silver filling factor and did not have hyperbolic dispersion at the measurement wavelength of 873 nm (real components of both ε || and ε ⊥ positive). The reduction of specular reflection in the roughened control sample (~3 fold) was primarily due to onset of diffused scattering and redistribution of energy between specularly reflected light and diffusely reflected light.
Thus, the experimentally observed reduction of reflection off a roughened silver-filled alumina membrane is consistent with enhanced scattering of light into propagating modes of a hyperbolic metamaterial rather than evanescent modes of constituent metallic components. The fact that the reduced reflection was observed not only for p polarized incident light (at predicted by the theory) but also for s polarized light suggests change of the state of polarization upon scattering, which is commonly observed in scattering media [31] . We also note that characteristic vertical (600 nm) and horizontal (1.17 μm) dimensions of the surface roughness do not provide for good index matching with air, which is the known reason for reduction of reflectance in many nano-textured structures [32] .
We thus have demonstrated that the reflectance of a hyperbolic metamaterial is significantly reduced upon roughening of its surface, in an agreement with the theoretical prediction. With the original concept equally applicable to all parts of the electromagnetic spectrum, our result thus opens an entirely new route towards radiation-absorbing materials and surfaces, with wide range of applications spanning from solar light harvesting to radar stealth technology.
